Introduction {#s1}
============

Understanding and preserving biodiversity is one of the most important global challenges that biologists are facing. Widespread realization that biodiversity is strongly modified by changes in global environment has generated strategies to conserve and protect biodiversity in many parts of the world. Assessment of the genetic diversity present within a species is a prerequisite for developing a sustainable conservation program. North--eastern India belongs to the trans-Himalayan mountainous zone and is characterized by a tropical humid climate with temperature varying from 10 to 24° C, a range of relative humidity from 75--98% and rainfall of 1300--1700 mm per year. 65% of the area is mountainous with evergreen forests and it includes the Brahmaputra river valley. The forested areas are the abode of many valuable flora and fauna including about ten species of wild silk moths ([@i1536-2442-6-30-1-Chowdhury1]; [@i1536-2442-6-30-1-Thangavelu1]). The Indian eri silkworm, Samia cynthia ricini (Lepidoptera:Saturniidae), a commercial silk producing insect, is believed to have originated in the Brahmaputra valley [@i1536-2442-6-30-1-Jolly1] and has had restricted distribution in India, China and Japan for two centuries ([@i1536-2442-6-30-1-Peigler1]; [@i1536-2442-6-30-1-Singh1]). The primary food plant of this polyphagous insect is castor (Ricinus communis L.), but it also feeds on a wide range of food plants such as Heteropanax fragrans Seem, Manihot utilissima Phol, Evodia flaxinifolia Hook, Ailenthus gradulosa Roxb etc ([@i1536-2442-6-30-1-Suryanarayana1]). The wild S. cynthia ricini silkworm completes one to three generations per year depending on geographical position and climatic conditions of the region, however, up to six generations occur in the domesticated cultures ([@i1536-2442-6-30-1-Neupane1]). Populations of S. cynthia ricini, that have been commercially exploited and are present in different regions of north-east India showed wide variations in morphological and quantitative characters such as absolute silk content, larval weight, cocoon weight, cocoon shell weight and silk ratio ([@i1536-2442-6-30-1-Siddiqui1]). These populations were named as Nongpoh, Kokrajhar Red, Borduar, Titabar, Sille, Dhanubhanga, Mendipathar and Khanapara, after their place of collection from where they were originally reported and were abundantly present. Due to over exploitation of the silkworms for commercial uses coupled with deforestation, most of these natural populations are dwindling rapidly. In order to preserve the natural biodiversity present among these populations, attempts are being made to understand the genetic structure of each population. Preliminary studies based on some quantitative traits such as cocoon weight, shell weight, larval weight etc. were made to understand the genetic basis of this phenotypic variability ([@i1536-2442-6-30-1-Siddiqui1]). However, no systematic studies were made to generate substantial information on the genetic diversity of these populations so as to develop appropriate strategy for its conservation at the natural habitat. The present study was focused on the genetic diversity of six commercial populations of S. cynthia ricini present in north-eastern India.

The advent of molecular biological techniques clearly showed the advantages of molecular markers over morphobiochemical markers to analyze population diversity. As the molecular markers are stable and environmentally independent, they are increasingly being preferred to phenotypic traits to detect genetic variation not only among populations but also between individuals within a population. A number of DNA marker systems such as simple sequence repeats (SSR; [@i1536-2442-6-30-1-Kimpton1]; [@i1536-2442-6-30-1-Estoup1]; [@i1536-2442-6-30-1-Reddy1]; [@i1536-2442-6-30-1-Prasad2]), random amplified polymorphic DNA (RAPD; [@i1536-2442-6-30-1-Williams1]; [@i1536-2442-6-30-1-Nagaraja1]; [@i1536-2442-6-30-1-Chatterjee1]), inter-simple sequence repeats (ISSR; [@i1536-2442-6-30-1-Zietkiewicz1]; [@i1536-2442-6-30-1-Ehtesham1]; [@i1536-2442-6-30-1-Reddy2]; [@i1536-2442-6-30-1-Chatterjee2]; [@i1536-2442-6-30-1-Kar1]; [@i1536-2442-6-30-1-Pradeep1]), expressed sequence tag (EST; [@i1536-2442-6-30-1-Vlachou1]; [@i1536-2442-6-30-1-Ciolfi1]) and amplified fragment length polymorphism (AFLP; [@i1536-2442-6-30-1-Vos1]; [@i1536-2442-6-30-1-Reineke1];[@i1536-2442-6-30-1-Katiyar1]) have been used to study the population genetics of different organisms including insects. Genetic diversity and differentiation among different populations of the wild silkworm Antheraea mylitta was examined using ISSR markers ([@i1536-2442-6-30-1-Chatterjee2]; [@i1536-2442-6-30-1-Kar1]). Use of SSR and EST primers requires prior knowledge of the genome of the organism whereas development of ISSR primers does not require prior information of the genome. The information available on the genome of S. cynthia ricini is inadequate to develop SSR and EST primers for assessing genetic diversity and genetic differentiation among its populations. As short repeats, such as dinucleotides, are ubiquitously distributed in eukaryotic genomes ([@i1536-2442-6-30-1-Ichimura1]; [@i1536-2442-6-30-1-Goldstein1]; [@i1536-2442-6-30-1-Prasad2]; Pradeep et al. unpublished), primers representing these repeats (eg. ISSR primers; [@i1536-2442-6-30-1-Zietkiewicz1]) produce complex fingerprints from distantly related organisms. ISSR markers are reliable, reproducible, polymorphic and have been used to estimate genetic diversity among closely related populations also ([@i1536-2442-6-30-1-Vogel1]; [@i1536-2442-6-30-1-Abbot1]; [@i1536-2442-6-30-1-Deshpande1]). Considering these advantages of ISSR primers, this marker system was used to analyze the genetic variability among S. cynthia ricini silkworm populations.

Materials and Methods {#s2}
=====================

Genetic material and DNA extraction
-----------------------------------

Six morphologically distinct populations of S. cynthia ricini, collected from different regions of North-eastern India ([Table 1](#i1536-2442-6-30-1-t01){ref-type="table"}, [Fig. 1](#i1536-2442-6-30-1-f01){ref-type="fig"}), were used for the study: Nongpoh (E1), Borduar (E2), Titabar (E3), Dhanubhanga (E4), Khanapara (E5) and Mendipathar (E6). From each population, 10 to 15 cocoons were collected and kept until emergence of the adult moth. Genomic DNA from 10 individual moths of each population was extracted separately following the phenol: chloroform extraction method ([@i1536-2442-6-30-1-Suzuki1]). After RNAse incubation, DNA was re-extracted and the purified DNA was diluted in TE (Tris-EDTA; pH 8.0) buffer to obtain the concentration of DNA at 10ng/μl.

###### 

Key to the phenotypic characters of six different populations of the Indian eri silkworm, S.cynthia ricini

![](i1536-2442-6-30-1-t01)

![Map of North- Eastern India showing the places of collection of the eri silkworm, S.c. ricini populations. E1--E6 was the six populations as given in [Table 1](#i1536-2442-6-30-1-t01){ref-type="table"} (map not to scale).](i1536-2442-6-30-1-f01){#i1536-2442-6-30-1-f01}

PCR amplification of the genomic DNA with ISSR primers
------------------------------------------------------

ISSR primers ([Table 2](#i1536-2442-6-30-1-t02){ref-type="table"}), procured from Dr. John B. Hobbs, Nucleic Acid & Protein Service, Biotechnology Laboratory, University of British Columbia, Vancouver, Canada, (<http://naps.biotech.ubc.ca>) (set \# 9), were tested for their efficacy in amplification of DNA. Twenty primers that produced reproducible robust bands, which appeared consistently and distinctly across three different amplifications, were selected for the study. PCR amplification of the DNA was carried out as described earlier [@i1536-2442-6-30-1-Chatterjee2] on an MJ Research Thermal-Cycler, PTC 200 (MJ Research Inc. [www.mjr.com/](http://www.mjr.com/)), using 20 μl reaction mixture containing 10x PCR buffer, 2 mM dNTPs, 2.5 mM MgCl~2~, 0.10 μl *Taq* DNA polymerase (recombinant) (5 U/μl) (all the chemicals from MBI Fermentas; Fermentas Inc, [www.fermentas.com/](http://www.fermentas.com/)), 2.0 μl of 1.5 μM ISSR primer and 40 ng DNA.

###### 

Polymorphism detected by 20 ISSR primers employed in the genetic diversity studies on six populations of eri silkworm Samia cynthia ricini

![](i1536-2442-6-30-1-t02)

The PCR products were resolved on 1.5% agarose gel, in Tris - Boric Acid--EDTA buffer, stained with ethidium bromide (0.5 μg/ml) and photographed under Bioimaging system (Syngene, [www.syngene.com](http://www.syngene.com)). Binary scoring of the profiles was done on the basis of presence or absence of a band at a particular locus. The amplification of the DNA with each primer was repeated thrice and only the robust bands were scored for the analysis.

Statistical analyses
--------------------

From the binary data, genetic dissimilarity coefficients among the individuals were estimated using Dice's coefficient (D) = 1--\[(2N~ab~)/(2N~ab~ + N~a~ + N~b~)\], where N~ab~ is the number of bands that are shared by the genotypes 'a' and 'b'; N~a~ is the number of bands present in 'a' and N~b~ is the number of bands present in 'b' ([@i1536-2442-6-30-1-Sneath1]). A phylogeny tree was generated from the above matrix using the unweighted pair group method with arithmetical averages (UPGMA) ([@i1536-2442-6-30-1-Sneath1]). Bootstrap analysis was conducted using 10000 replicates as implemented in PAUP 4.0 software ([@i1536-2442-6-30-1-Swofford1]). [@i1536-2442-6-30-1-Nei1] genetic distance among the phenotypes was calculated using POPGENE Version 1.3 ([@i1536-2442-6-30-1-Yeh1]). A dendrogram for the six populations was also created using UPGMA analysis ([@i1536-2442-6-30-1-Sneath1]). The PhiPT value for genetic variability was calculated using GenAlEx v 5.1. The percentage of polymorphism, heterozygosity (h), number of alleles (Na), number of effective alleles (Ne) and Shannon's information index (I) were calculated for each population. Genetic variability in the populations was also calculated using [@i1536-2442-6-30-1-Nei2] coefficient of gene differentiation (G~ST~) in POPGENE version 1.3 ([@i1536-2442-6-30-1-Yeh1]). In POPGENE the genetic divergence among different populations was calculated using a multiallelic analogue of F~ST~ among a finite number of populations, which is otherwise, called the coefficient of gene differentiation ([@i1536-2442-6-30-1-Nei2]). This is stated as G~ST~= D~ST~/H~t~= (H~t~-H~s~) /H~t'~ where D~ST~ is the average gene diversity between subpopulations, including the comparisons of sub populations with themselves. The D~ST~= (H~t~-H~s~). G~ST~ is an extension of [@i1536-2442-6-30-1-Nei1] genetic distance between a pair of populations to the case of hierarchical structure of populations ([@i1536-2442-6-30-1-Nei2]). H~t~ = (1--∑p~i~^2^), where p~i~ is the frequency of i^th^ allele at a locus in a population and ∑ is the summation of all alleles. Hence, the H~s~ in the equation were defined in terms of gene diversities. However, for random mating subpopulations, gene diversities can be defined as expected heterozygosities under Hardy-Weinberg equilibrium averaged among sub populations (H~s~) and of the total population (H~t~). The estimate of gene flow from G~ST~ was calculated as (Nm) = 0.5 (1 -- G~ST~)/G~ST~. To analyze the relation between genetic distance and geographic distance between the populations, regression analysis was done using inter- population genetic distance against the geographic distance between them in kilometers. A scatter diagram was prepared and the best-fit linear regression line was applied.

RESULTS {#s3}
=======

Six populations of S. cynthia ricini showed variation in morphological and quantitative characters ([Table 1](#i1536-2442-6-30-1-t01){ref-type="table"}). The color of the mature larvae was greenish blue in E5 and E6, and a mixture of yellowish and greenish blue in E1, E2, E3 and E4. Typical zebra markings were present on larvae of E2 and E4 whereas E1, E3, E5 and E6 were plain white without any markings. The weight of mature larvae recorded was 9.58 ± 1.70 g in E1, 6.87 ± 1.01 g in E2, 5.56 ± 0.68 g in E3, 10.73 ± 1.22 g in E4, 9.61 ± 1.73 g in E5 and 9.11 ± 0.81 g in E6. Cocoon weight varied from 3.06 ± 0.39 g in E5 to 3.72 ± 0.32 g in E6.

Inter population genetic diversity
----------------------------------

Twenty ISSR primers generated a total of 92 bands, of which 53 were polymorphic ([Table 2](#i1536-2442-6-30-1-t02){ref-type="table"}; [Fig.2](#i1536-2442-6-30-1-f02){ref-type="fig"}). AMOVA revealed 87% of inter-population genetic variability and the PhiPT value was 0.872, which was significant at a probability of 0.010. Analysis for pair-wise genetic distance revealed that the genetic distance was minimum between E5 and E6 populations (0.0654) and maximum between E4 and E3 (0.3811) populations ([Table 3](#i1536-2442-6-30-1-t03){ref-type="table"}). The intra- population variability in terms of DNA polymorphism was highest in E2 (31.52%) and least in E5 and E6 (14.13%) (Table.4). The dendrogram shown in [Figure 3](#i1536-2442-6-30-1-f03){ref-type="fig"} that resulted from the genetic dissimilarity matrix using UPGMA ([@i1536-2442-6-30-1-Sneath1]) revealed that E5 and E6 were genetically closer than the other populations, and E3 formed an isolate.

![An example of PCR amplification profile generated from genomic DNA of S.c. ricini populations with UBC886, resolved on 1.5% agarose gel. M- marker. E1--E6 was the six populations as given in [Table 1](#i1536-2442-6-30-1-t01){ref-type="table"}.](i1536-2442-6-30-1-f02){#i1536-2442-6-30-1-f02}

###### 

Genetic distance estimated among the six populations of eri silkworm, Samia cynthia ricini

![](i1536-2442-6-30-1-t03)

![Dendrogram showing grouping of the six populations of S.c. ricini using UPGMA analysis based on Dice dissimilarity matrix. E1--E6 was the six populations as given in [Table 1](#i1536-2442-6-30-1-t01){ref-type="table"}.](i1536-2442-6-30-1-f03){#i1536-2442-6-30-1-f03}

Intra population genetic diversity
----------------------------------

When all 60 individuals were taken for analysis without assigning any population status, the individuals grouped according to their population affinity ([Fig. 4](#i1536-2442-6-30-1-f04){ref-type="fig"}). None of the individuals changed its population cluster. The bootstrap values for each population were highly significant and varied from 65 to 100. The grouping of individuals within each population showed variation. Though the individuals of different populations grouped into sub groups, in most cases, the bootstrap values were insignificant. But significantly high bootstrap values (71--99%) were observed in the subgrouping of the E2 population.

![Dendrogram showing grouping of 60 individuals from six populations of S.c. ricini based on the genetic distance derived from ISSR markers. Bootstrap values were given at the fork of each group. E1--E6 was the six populations as given in [Table 1](#i1536-2442-6-30-1-t01){ref-type="table"}. E1.1 -- One individual from the population E1.](i1536-2442-6-30-1-f04){#i1536-2442-6-30-1-f04}

Population genetic parameters
-----------------------------

The population diversity analysis using POPGENE revealed that the average number of observed alleles varied from 1.143 in E5 and E6 to 1.315 in E2. The heterozygosity present within a population was higher in E2 (0.109) and was lowest in E3 (0.051) ([Table 4](#i1536-2442-6-30-1-t04){ref-type="table"}). When all populations were considered, the total genetic diversity (Ht) was 0.233. The total genetic differentiation coefficient (G~ST~) among the populations was 0.657 ([Table 5](#i1536-2442-6-30-1-t05){ref-type="table"}). The pair-wise comparison of the populations showed that the genetic differentiation varied from 0.356 between E5 and E6 to 0.697 between E3 and E5. Gene flow among the populations was 0.261. Pair-wise analysis of the populations for their genetic differentiation and gene flow showed that the highest gene flow (0.904) was between E5 and E6 and lowest (0.217) was between E3 and E5 ([Table 5](#i1536-2442-6-30-1-t05){ref-type="table"}). E3 showed an average gene flow estimate of 0.257 with all other populations.

###### 

Gene diversity in the six populations of the eri silkworm Samia cynthia ricini

![](i1536-2442-6-30-1-t04)

###### 

Pair-wise estimation of genetic differentiation and gene flow among six populations of Samia cynthia ricini

![](i1536-2442-6-30-1-t05)

Genetic diversity and geographical distribution
-----------------------------------------------

In north-eastern India, S. cynthia ricini was distributed in the Brahmaputra river valley of Assam and in the hilly area. Titabar, where the population E3 was collected from, is located in the Upper Assam area and is approximately 421 kilo meters away from all other places of collection. The distance between the other populations was comparatively smaller. Regression of the genetic distance between the populations against geographic distance between them showed a positive correlation (R^2^ = 0.502) ([Fig. 5](#i1536-2442-6-30-1-f05){ref-type="fig"}).

![Regression of genetic distance between the populations of eri silkworm, S.c. ricini against geographical distance between their places of collection.](i1536-2442-6-30-1-f05){#i1536-2442-6-30-1-f05}

DISCUSSION {#s4}
==========

Recent advances in silkworm genome analysis showed the presence of large numbers of repeats in the domesticated mulberry silkworm Bombyx mori ([@i1536-2442-6-30-1-Mita1]; [@i1536-2442-6-30-1-Analysis1]; [@i1536-2442-6-30-1-Prasad2]). S. cynthia ricini seemed to share about 13% of its microsatellites with B. mori ([@i1536-2442-6-30-1-Prasad2]). The presence of 250 mariner-like elements was reported in Philosamia cynthia ricini and were found to be similar to the *Mos*I element from Drosophila mauritiana ([@i1536-2442-6-30-1-Prasad1]). Genetic divergence among closely related populations of B. mori and in A. mylitta was successfully deciphered using ISSR profiling ([@i1536-2442-6-30-1-Chatterjee2]; [@i1536-2442-6-30-1-Pradeep1];[@i1536-2442-6-30-1-Kar1]). These studies explicitly report the importance of repeats and transposable elements in the molecular phylogenetic analysis of domesticated and wild silkworms. The higher amount of genetic divergence realized in this study from closely related populations of S. cynthia ricini, further demonstrates the efficacy of the ISSR marker system. The ISSR markers revealed different levels of genetic differentiation among the populations of S. cynthia ricini. However, when a dominant marker system such as ISSR is used and the PCR products are resolved on agarose gels, a homozygote for a null allele at a particular locus will not produce a band, but both a heterozygote and a homozygote at that locus will produce a band. As a result, the fundamental data available from a population at any given locus are the number of individuals with a band corresponding to that locus and the number of individuals lacking that band. Nevertheless, ISSR markers showed the potential not only to reveal variations among geographically separated populations, but also among individuals within populations.

The genetic diversity revealed in this study is of much use in formulating strategies to conserve the genetic diversity present in this unique silkworm species. The low genetic variation revealed by AMOVA (ca. 13%) within the individuals of a population points to the fact that the populations are homogenous in nature, whereas the higher genetic variability (ca. 87%) among the populations indicated that the populations have already differentiated into separate genetic pools. Hence, these different gene pools should be conserved separately and maintained without any inter-mixing. Comparatively higher polymorphism (31.52%), heterozygosity (0.1093) and high boots trap values (98%) at the subgroup level observed in the E2 population points to significantly higher genetic differentiation at Borduar. Since moths of S. cynthia ricini can fly only a maximum of two kilometers, the chances of natural genetic mixing between the geographically separated populations can be ruled out. Transportation of populations for multiplication and unscientific breeding between S. cynthia ricini populations leads to genetic mixing of the populations. Such human interventions should be avoided at the core germplasm level to maintain purity of the germplasm.

The high gene flow (0.9035) between the populations E5 and E6 is quite understandable as they are similar in phenotypic traits, such as cocoon color (greenish blue). The high phenotypic and genetic similarity and gene flow observed within these two populations suggests its common origin and later succession into different populations by adapting to the varying climatic conditions. Since the E3 (Titabar) population is genetically and geographically distanced from all other populations and seems to be an isolated one, detailed molecular analysis of this population is required to decipher its origin. The E3 population exhibited comparatively higher G~ST~ (0.657) combined with low gene flow (Nm = 0.2762) that has contributed significantly to genetic differentiation between populations ([@i1536-2442-6-30-1-Wright1]; [@i1536-2442-6-30-1-Hartl1]). The genetic distance of E3 from all other populations was found to be positively correlated with the geographic distance between Titabar and the natural habitats of other populations. This confirms an independent and slow isolated genetic differentiation of E3 at the high altitude of upper Assam where within population heterozygosity and gene flow was found to be low, and the possibility of genetic mixing seemed negligible. The independent genetic differentiation of this population is attributed to the strong effect of isolation by geographical distance. In fact, geographical isolation, mutation and selection are the most likely forces of population differentiation. This kind of association between geographic components and genetic differentiation was observed in natural populations of Drosophila ([@i1536-2442-6-30-1-Frydenberg1]; [@i1536-2442-6-30-1-Anderson1]). S. cynthia ricini silkmoths are poor flyers with a short life span, which is likely to reduce chances of genetic mixing among geographically close populations. This could account for the genetic differentiation among the geographically close S. cynthia ricini populations of Lower Assam. It is a known fact that high gene flow between populations precludes local adaptation that results from fixation of alleles favoured by local climatic conditions, and will prevent speciation ([@i1536-2442-6-30-1-Barton1]). At the same time gene flow generates new polymorphisms and new gene combinations in populations, upon which selection can act.

Thus from this study it is clear that the populations evaluated not only differ in their phenotypic traits but also in their genetic make up. Since S. cynthia ricini is believed to have originated in the Brahmaputra river valley of north-eastern India and this is the region where maximum genetic diversity is expected, the populations identified as genetically divergent have to be conserved *in situ*. The high economic value of the silk industry further emphasizes the need for urgent measures in this direction.
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